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Wildlife  management  actions  can  alter  fundamental  behaviors  of  individuals  and  groups,
which may  directly  impact  their  life history  parameters  in  unforeseen  ways.  This  is  espe-
cially true  for  highly  social  animals  because  changes  in one  individual’s  behavior  can  cascade
throughout  its social  network.  When  resources  to support  populations  of  social  animals  are
limited and  populations  become  locally  overabundant,  managers  are  faced  with  the  daunt-
ing  challenge  of decreasing  population  size  without  disrupting  core  behavioral  processes.
Increasingly,  managers  are  turning  to fertility  control  technologies  to  supplement  culling in
efforts to suppress  population  growth,  but  little  is  quantitatively  known  about  how  either
of these  management  tools  affects  behavior.  Gonadotropin  releasing  hormone  (GnRH)  is
a small  neuropeptide  that performs  an  obligatory  role  in  mammalian  reproduction  and
has been  formulated  into  the immunocontraceptive  GonaCon-BTM.  We  investigated  the
inﬂuences  of  this  vaccine  on  behavior  of feral horses  (Equus  caballus)  at Theodore  Roo-
sevelt  National  Park,  North  Dakota,  USA,  for a year  preceding  and  a year  following  nonlethal
culling  and  GnRH-vaccine  treatment.  We observed  horses  during  the breeding  season  and
found only  minimal  differences  in time  budget  behaviors  of free-ranging  female  feral  horses
treated with  GnRH  and  those  treated  with  saline.  The  differences  observed  were  consis-
tent  with  the  metabolic  demands  of  pregnancy  and  lactation.  We  observed  similar  social
behaviors  between  treatment  groups,  reﬂecting  limited  reproductive  behavior  among  con-
trol females  due to  high  rates  of  pregnancy  and  suppressed  reproductive  behavior  among
treated  females  due  to GnRH-inhibited  ovarian  activity.  In the  treatment  year,  band  stallion
age  was  the  only  supported  factor  inﬂuencing  herding  behavior  (P < 0.001),  harem-tending
behavior  (P  < 0.001),  and  agonistic  behavior  (P =  0.02).  There  was  no  difference  between
the mean  body  condition  of control  females  (4.9  (95%  CI  = 4.7–5.1))  and  treated  females
(4.8  (95%  CI  =  4.7–4.9)).  Band  ﬁdelity  among  all females  increased  25.7%  in  the year  fol-
lowing  vaccination  and  culling,  despite  the  social  perturbation  associated  with  removal
of  conspeciﬁcs.  Herding  behavior  by stallions  decreased  50.7%  following  treatment  and
culling  (P <  0.001),  while  harem-tending  behavior  increased  195.0%  (P <  0.001).  The  amount
of available  forage  inﬂuenced  harem-tending,  reproductive,  and  agonistic  behavior  in  the
year following  culling  and  treatment  (P <  0.04).  These  changes  reﬂected  the  expected  nexus
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between  a  species  with  polygynous  social  structure  and  strong  group  ﬁdelity  and the
large instantaneous  change  in  population  density  and  demography  coincident  with culling.
Behavioral  responses  to such  perturbation  may  be  synergistic  in  reducing  grazing  pressure
by decreasing  energetically  expensive  competitive  behaviors,  but further  investigation  is
needed  to explicitly  test  this  hypothesis.
sevier  BPublished by  El
1. Introduction
Gregarious relationships can impart individual beneﬁts
such as decreased depredation, increased foraging efﬁ-
ciency, and increased fecundity (Pusey and Packer, 1997).
When resources to support populations of social animals
are limited and populations become locally overabun-
dant, managers are faced with the daunting challenge of
decreasing population size without disrupting core behav-
ioral processes. For example, the limited contiguous habitat
and ﬁnite resources found on public wildlands cannot
sustain overabundant populations of large ungulates, and
managers continuously seek innovative and publically-
acceptable tools for managing these species (Powers et al.,
2011). Historically, such populations have been reduced
by culling, using either lethal methods such as hunting,
or non-lethal methods such as capture and translocation.
Limiting fecundity through the use of immunocontracep-
tives is becoming a more commonly considered tool for
controlling wildlife abundance. However, these tools can
be accompanied by physiological changes that may  alter
behavior and ultimately inﬂuence population dynamics
in unforeseen ways (Ransom et al., 2014). The paucity of
quantitative data on natural behavior of wild free-roaming
fauna, especially pertaining to those treated with fertility
control agents, impairs our ability to understand species’
inﬂuences and roles in ecosystems and thus our ability to
effectively manage populations.
Elk (Cervus canadensis) and feral horses (Equus caballus)
are increasingly targeted for fertility control management
in the United States and both species exhibit complex social
behavior and polygynous mating systems. Whereas elk
congregate seasonally into mating groups (Geist, 1982),
feral horses form bands that persist year-round with
distinct associations of individuals sometimes lasting a
decade or more (Klingel, 1982). These bands are largely
maintained by reproductive, herding, agonistic, and defen-
sive behaviors initiated by the polygynous male in the
band, as well as hierarchical relationships among females
(Ransom and Cade, 2009). Culling can result in discrete
changes to population density and demography, which
could perturb social organization. Likewise, effective fer-
tility control agents lead to discrete changes in presence of
offspring in the population, and thus may  inﬂuence social
behavior.
Approximately 33,000 feral horses roam 13 million ha
of public lands in the western United States and managers
have historically relied on nonlethal culling through a pro-
cess of capture, removal, and public adoption to regulate
animal abundance (Garrott and Oli, 2013). This process is
unsustainable because demand in the U.S. for feral horses
as domestic stock is less than half the number of animals.V.  This is  an open  access  article  under  the  CC BY-NC-ND  license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
removed, which has left as many horses in federally-
subsidized pastures as persist in the wild. Several fertility
control techniques have been investigated for use in feral
horses, but most of these efforts resulted in tools that were
publicly unacceptable, expensive to use, or impractical on
a large scale. Among the most promising techniques are
immunocontraceptive vaccines such as porcine zona pel-
lucida (PZP) and gonadotropin-releasing hormone (GnRH).
These agents are relatively easy to apply, are reasonably
efﬁcacious, and are not expected to be accompanied by
serious contraindications (Kirkpatrick et al., 2011).
Gonadotropin releasing hormone is a small neuro-
peptide that performs an obligatory role in mammalian
reproduction. When combined with a potent adjuvant, the
GnRH vaccine stimulates a persistent immune response
resulting in prolonged antibody production against GnRH,
the carrier protein, and the adjuvant (Miller et al., 2008).
The most compelling hypothesis of vaccine effectiveness
suggests that antibodies to GnRH likely induce transient
infertility by binding to endogenous GnRH, thus preventing
attachment to receptors on gonadotropes and suppression
of pulsatile luteinizing hormone (LH) secretion (Molenaar
et al., 1993). Gonadotropin releasing hormone antibody
titers are correlated with suppression of the reproductive
system and infertility in a variety of species (Fagerstone
et al., 2010). As anti-GnRH antibodies decline over time,
concentrations of available endogenous GnRH increase
and treated animals usually regain fertility (Powers et al.,
2011).
This immunocontraceptive vaccine, known by the trade
name as GonaCon-BTM, has been shown to provide multiple
years of infertility in several wild ungulate species includ-
ing horses (Killian et al., 2008; Gray et al., 2010), bison
(Bison bison) (Miller et al., 2004), elk (Powers et al., 2011),
and white-tailed deer (Odocoileus virginianus) (Gionfriddo
et al., 2009). Given the physiological mechanism of action,
GnRH immunocontraception has the potential to reduce
fertility and suppress the reproductive behaviors typically
associated with copulation; however, in GnRH-vaccinated
elk, such behaviors were not entirely diminished likely
due to incomplete suppression of the hypothalamic pitu-
itary gonadal (HPG) axis (Powers et al., 2011). Similar to
elk, feral horses are polyestrous and fertility control agents
that do not suppress these social behaviors can lead to
females exhibiting frequent reproductive behaviors that
can cascade into altered behaviors from associated band
members and nearby males (Nun˜ez et al., 2009; Ransom
et al., 2010).
Rigorous quantitative investigation into the poten-
tial effects of GnRH treatment on feral horse behavior
is missing from the assessment of this immunocontra-
ceptive as a potential management tool. Such data are
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Table  1
Population metrics for feral horses (Equus caballus) at Theodore Roosevelt National Park, North Dakota, USA, 2009 and 2010. Normalized Difference
Vegetation Index (NDVI) is shown for only the behavior observation period in each year.
2009 2010
Number of males 64 26
Number of females 74 59
Number of foals 27 31
Mean  male age ± SE (range) 5.0 ± 0.45 (1–15) 7.7 ± 0.68 (1–16)
Mean  female age ± SE (range) 5.3 ± 0.50 (1–20) 6.4 ± 0.45 (1–18)
Number of bands 19 16
Mean  band size ± SE (range) 8.3 ± 0.07 (3–14) 8.7 ± 0.07 (3–19)
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Density (number of horses/ha) 0.009 
lso absent in regard to culling, which is arguably the
ost common feral horse management practice world-
ide. We investigated the inﬂuences of GnRH treatment
n behavior of feral horses at Theodore Roosevelt National
ark, North Dakota, for a year proceeding and a year
ollowing GnRH vaccination and culling. Our objectives
ere to quantify effects of these two management tools
n time budgets of individuals and social interactions
etween individuals. Based on the assumed mechanism
f action of GnRH vaccine, we posited that inoculation
ould suppress reproductive behaviors in treated females
ompared to controls and that the sudden decrease in
ensity and social perturbation caused by population
eduction would measurably inﬂuence social behaviors of
ll horses.
. Materials and methods
.1. Study area
Theodore Roosevelt National Park is located in south-
estern North Dakota, USA (45◦55′N/103◦31′W).  The
outh Unit of the park, where this study was  con-
ucted, comprised approximately 19,000 ha and consisted
f eroded badlands with gullies and ravines separated
y large upland plateaus, and small buttes. The mixed-
rass prairie vegetation was predominantly comprised of
eedle and thread (Hesperostipa comata), threadleaf sedge
Carex ﬁlifolia), western wheatgrass (Pascopyrum smithia),
lue grama (Bouteloua gracilis)  and little bluestem (Andro-
ogen scoparius) (Butler et al., 1986). Sympatric ungulates
ncluded feral horses, pronghorn (Antilocapra americana),
ison, mule deer (Odocoileus hemionus) and elk. Feral
orses were conﬁned to the South Unit by a 1.8–2.4 m high
oven wire boundary fence and no other feral horse popu-
ations were nearby. All individual horses in this population
ere previously identiﬁed and assigned individual identity
umbers by managers, and age and reproductive data for
ach animal have been maintained since 1993 (National
ark Service, unpublished data).
.2. Treatments and study subjectsIn spring/summer 2009, when pre-treatment data were
ollected, 165 horses occupied the park and were organized
nto 19 bands (Table 1). All bands contained a single adult
tallion and adult females and their offspring, with the116
0.43 (0.346–0.504)
0.006
exception of one band that also contained a second stallion.
No females persisted outside of bands; whereas, bachelor
males were distributed across the landscape individually
or sometimes in small ephemeral bands.
Horses were gathered into permanent corrals and
handling facilities using a helicopter during a sched-
uled management capture in October 2009. Managers
attempted to gather all horses in the population at that
time, and removed 78 horses based on the agency’s spe-
ciﬁc management needs. Eighty-one percent of the culled
animals were foals, yearlings, and 2- and 3-year olds,
and 14% were bachelor males not associated with any
band. The remaining individuals removed included three
females age ≥16 years, and one 6-year old female; none
of which were part of our experimental group. These
removals inherently skewed the sex ratio of the popula-
tion between years because so many bachelor males were
removed; however, paternity attributed to bachelor males
is thought to be low (Bowling and Touchberry, 1990) and
all study bands were subjected to competition pressure
equally in each year at the population level. Post-treatment
data were collected in spring/summer 2010, when 116
horses (including those born in 2010) occupied the park
(Table 1).
We selected 58 adult females (2–17 years of age)
using a randomized complete block design consisting of
a GnRH-vaccinated treatment group and a saline con-
trol group. The resulting experimental female population
consisted of 29 GnRH-vaccinated females (treatment)
and 28 saline-treated (control) females, with one mature
female remaining in the population that could not be cap-
tured. Females that were not in either treatment group
were excluded from behavior analyses. The GnRH vaccine
ultimately did not prevent conception in all inoculated
horses (Baker et al., 2013); therefore, to more clearly sepa-
rate the effects of infertility on behavior, we  also excluded
from analysis observations of 14 treatment females that
became pregnant in 2010 and produced offspring in 2011.
Females of both treatment groups were dispersed ran-
domly across 16 bands with no difference in proportion of
treated and control females between bands (paired t-test
for unequal means: t = 0.116, P = 0.909). The same adults
and bands observed in 2009 were observed in 2010, with
none of the research cohort or band stallions removed dur-
ing the culling operation.
Veterinarians blinded to treatment status assessed the
general health, pregnancy, and body condition of each
al Behav84 J.I. Ransom et al. / Applied Anim
animal at the time of capture. Pregnancy status and approx-
imate stage of gestation were determined using rectal
palpation of the reproductive tract and transrectal ultra-
sound imaging (Bucca et al., 2005). We  visually assessed
body condition of all females and scored condition using
a numerical index that increased 1–9 with increasing fat-
ness (Henneke et al., 1983). Females in the treatment
group received an intramuscular injection in the gluteus
muscle, by hand-syringe, containing 2000 g of GnRH
vaccine (2 mL,  GonaCon-BTM (National Wildlife Research
Center, Fort Collins, CO, USA)). Females in the control
group were injected in a similar manner with an equal
volume of saline solution. All data for this study were
collected in accordance with Colorado State University
Animal Care and Use Committee standards (protocol 12-
3197A).
2.3. Behavioral sampling
Behavioral observations were conducted during three
daylight time periods (08:00–12:00 h, 12:01–16:00 h, and
16:01–20:00 h) from April 18, 2009–July 16, 2009 and
April 8, 2010–August 19, 2010. Each observation session
included collection of a 20 min  instantaneous scan sam-
ple of time budgets at 1 min  intervals for each adult band
member (≥1 years old), and all-occurrence data collection
for social interactions, exactly as implemented by a syn-
onymous study of PZP in horses (Ransom et al., 2010).
We used a feral horse ethogram that categorized spe-
ciﬁc behaviors into 15 discrete time budget categories;
agonism, comfort, elimination, feeding, grooming, harem-
social (e.g., allogrooming, pair-bonding, female-female
urine marking), harem-tending (e.g. stallion defense of
a band female or recruitment of a new female into the
band), herding (e.g., driving or snaking behavior by the stal-
lion), interaction-with-humans, locomotion, out-of-sight,
reproduction, resting, standing attentive, and submission
(Ransom and Cade, 2009). The infrequency and similar
nature of several behaviors in the instantaneous scan sam-
ples led us to aggregate them into broader categories for
time budget analyses. Grooming, comfort, standing atten-
tive, and elimination were combined into maintenance;
reproductive, harem-tending, harem-social, agonism, sub-
mission, and herding were combined into social; and
interaction-with-humans and out-of-sight were combined
into unknown. The time spent in the category unknown ulti-
mately did not differ between treatment groups or between
years.
We also collected social behavior data at every
occurrence throughout each observation session because
instantaneous scan sampling has the potential to under-
estimate rare events (Ransom and Cade, 2009). These
all-occurrence behaviors included intraband social behav-
iors associated with herding, reproduction, agonism, and
harem-tending and were retained as discrete categories
for social behavior analyses. We  observed all horses from
the nearest distance that did not elicit attention of horses
to the presence of the observer, typically 50–300 m.  All
observations were conducted using a 15–45 × 600 mm
spotting scope or 10 × 42 mm binoculars when the distanceiour Science 157 (2014) 81–92
between horses and observers was  too far to allow unas-
sisted detailed observation.
2.4. Statistical analyses
We  modeled the frequency of each behavior using
mixed-effects linear regression, where individual female
identity and sampling time period (time of day) were
included as random effects on the intercept term of
each model. This accounted for variation that may
have been present among individuals who  were sam-
pled repeatedly, though not always equally over time,
and for temporal variation in behavior when samples
were not equally collected across all times of day.
We used the lme4 package of R version 2.14.1 (The
R Foundation for Statistical Computing 2011) and SYS-
TAT 12.02.00 (SYSTAT Software, Inc. 2007) to calculate
descriptive statistics and obtain mixed-effects model esti-
mates using restricted maximum likelihood (Harville,
1977).
We  ﬁtted separate models for each year to assess the
ﬁxed effects of treatment (x1, pre-treatment or pre-control
in 2009, treatment or control in 2010), foal presence (x2,
dependent foal < 1 year of age present with the female,
or no foal present with the female), female age (x3),
band size (x4, total number of animals in the group),
and band ﬁdelity (x5, number of times a female changed
bands within the sampling year) on time budget behav-
iors. In the notation of Gelman and Hill (2007), models took
the form of yjk[i] = ˛0j[i] + ˛1k[i] + ˇ0 + ˇx1x1[i] + ˇx2x2[i] +
ˇx3x3[i] + ˇx4x4[i] + ˇx5x5[i] + εjk[i], where the random effect
intercept of ˛0j[i] ∼ N( = 0, 2j ) represents time period
j (08:00–12:00 h, 12:01–16:00 h, 16:01–20:00 h), for
i = 1,. . .,n observations, and the random effect intercept
˛1k[i] ∼ N( = 0, 2k ) represents k = 1,.  . .,n individual horses
for i = 1,.  . .,n observations. This equation identiﬁes the ﬁxed
effect intercept as ˇ0, x = independent variable with param-
eter ˇx, ε = statistical error, and y = dependent variable.
All-occurrence social behavior was  modeled in the same
framework, but because those data involved a given stal-
lion directing a behavior toward a given female, we also
included the additional variable of stallion age as a ﬁxed
effect.
In order to gain insight into the effects of removal
versus fertility control, we also modeled time budget and
all occurrence behavior across both years, replacing treat-
ment status with observation year as a ﬁxed effect. This
allowed us to look at the broad paradigm change, indepen-
dent of trying to separate the inherently related aspects of
changing sex ratio, density, and competition. We  included
Normalized Difference Vegetation Index (NDVI) as a ﬁxed
effect in this model in order to estimate the temporal
inﬂuence of forage availability on behavior that could
have varied between years. The NDVI data were obtained
from the National Aeronautics and Space Administration
(http://modis.gsfc.nasa.gov) and reconciled using ArcGIS
software (ESRI, Redlands, California). We also included sex
as a ﬁxed effect in this model to gain insight into both
male and female time budgets in concert with the culling
perturbation.
al Behaviour Science 157 (2014) 81–92 85
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Fig. 1. Mean allocations of daylight time budget behaviors for feral horse
(Equus caballus) females at median age (5 years old) and median band size
(eight horses). Estimates are shown from mixed-effects linear regression
considering individual identity and time of day as random effects. DataJ.I. Ransom et al. / Applied Anim
. Results
The 2009 pregnancy assessment indicated that 89% of
he control group and 86% of the treatment group were
regnant at the time of saline- or GnRH vaccine-injection.
n the following year, 71% (95% CI = 53.9–89.3%) of control
emales and 72% (95% CI = 55.1–89.7) of treated females
ere observed with a dependent offspring. Mean body
ondition of pre-control females was 5.1 (95% CI = 4.8–5.4)
nd of pre-treatment females was 4.9 (95% CI = 4.7–5.2) in
009. Likewise, mean body condition of control females
as 4.9 (95% CI = 4.7–5.1) and of treated females was 4.8
95% CI = 4.7–4.9) in 2010.
We  collected behavioral data on 93 feral horses (23
ales, 29 pre-treatment females, 27 pre-control females,
4 other females) for 582.4 h in 2009. The median age
f observed stallions was 7 years (range = 3–14 years),
edian age of observed females was 5 years (range = 2–17),
nd median band size was 8 horses (range = 3–17). In
010, approximately 5 months after treatment and culling,
e observed 77 of the same feral horses (18 males, 29
reated females, 28 control females, two other females)
or 1263.90 h. The median age of observed stallions was
 years old (range 5–15), median age of observed females
as 5 years old (range = 3–18), and median band size was
ight horses (range = 3–19). The ﬁnal data used for GnRH
reatment analyses arose from 1331 observations of 29
re-treated and 29-pre-control females in 2009 and 2299
bservations of 15 treated and 28 control females in 2010.
he ﬁnal data used for culling analyses arose from 2115
bservations of 23 males, 27 pre-control females and 29
re-treatment females in 2009, and 3274 observations of
8 males, 28 control and 29 treatment females in 2010.
.1. Time budgets
Band size and foal presence were inﬂuential in how
emales allocated their time during 2009, but there were no
ifferences in behaviors between pre-treatment and pre-
ontrol females (Table 2). However, treated and control
emales spent their time differently in the year following
noculation. Treated females fed more and moved more
han control females, and reciprocated by reducing time
n resting and maintenance behaviors (Fig. 1). There were
o changes in time spent engaging in social behaviors
etween treated or control females and their conspeciﬁcs
Table 2). Band size inﬂuenced feeding time, increasing
.9 ± 0.40 (SE)% with each additional horse in the band in
009. This effect was not evident in 2010 after the popula-
ion was reduced. Time of day inﬂuenced feeding behavior
n both years. Horses fed an estimated 7.3 ± 4.69% (2009)
nd 7.5 ± 5.01% (2010) less in the morning, as compared
o 7.4 ± 5.00% (2009) and 9.0 ± 5.04% (2010) more in the
fternoon.
Time spent feeding was largely reciprocated by time
esting among both treated and control groups (Fig. 1).
here were no differences between pre-treatment and
re-control females in time spent resting (t1270 = 0.459,
 = 0.646), but like feeding, this relationship changed after
noculation, and treated females rested less than their
ontrol counterparts (Table 2). Foal presence inﬂuencedconsisted of 2299 observations of 28 control and 15 treatment females in
2010 at Theodore Roosevelt National Park, USA. Foal presence was deﬁned
as  a dependent born during the observation year.
resting in both years with independent females resting
4.4 ± 2.27% (2009) and 4.4 ± 1.83% (2010) less than females
with a dependent foal (Table 2). Resting occurred tempo-
rally opposite of feeding activity, with 7.0 ± 4.43% (2009)
and 6.5 ± 4.18% (2010) more resting in the morning and
6.8 ± 4.72% (2009) and 7.2 ± 4.22% (2010) less in the after-
noon.
The remainder of horses’ time was  occupied by locomo-
tion (about 5% of their time), maintenance (about 3% of their
time), and social behavior (about 1% of their time) (Fig. 1).
Treated females spent less time moving than controls
and reciprocated with increased maintenance behavior
(Table 2). Age was a statistically signiﬁcant effect in mod-
eling locomotion in 2010, but because time in locomotion
only differed by 0.12% per year of age, this is unlikely to
be biologically signiﬁcant. Foal presence, however, was
a strongly supported effect and females with a depend-
ent were on the move 1.5 ± 0.35% more than independent
females (Table 2). Maintenance behavior was inﬂuenced
by band ﬁdelity in 2010 and time spent exhibiting this
behavior increased 1.6 ± 0.44% per band change. Six of 43
females (14%) were observed changing bands one to three
times during 2010. In contrast, 23 of 58 females (40%)
changed bands one to four times in 2009. The decreased
band size in 2010 appears to have inﬂuenced time spent
performing maintenance behavior (Table 2). Like age and
locomotion, this effect was  statistically signiﬁcant but with
an increase of only 0.1 ± 0.06% per additional band member
it is unlikely to have biological meaning. Locomotion, main-
tenance, and social time budget behaviors were inﬂuenced
minimally by time of day or individual variation (Table 2).
3.2. Social behaviorsAll-occurrence social behaviors associated with herd-
ing, harem-tending, reproduction, and agonism from
stallions toward females were observed 57% of the time
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Table 2
Supported effects in a mixed-effects linear regression of feral horse (Equus caballus) time budget behaviors at Theodore Roosevelt National Park, USA.
Variance for the random effects of time of day (j) and individual horse identity (k) are shown as 2
j
and 2
k
.
Behavior Supported effect t P Difference 95% lower
conﬁdence limit
95% upper
conﬁdence limit
2
j
2
k
2009
Feeding Band size 2.217 0.027 0.878 0.101 1.654 0.589 0.163
Resting Foal presence −1.923 0.054 −4.370 −8.828 0.089 0.524 0.156
Locomotion Band size −2.369 0.018 −0.186 −0.340 −0.032 <0.001 0.009
Maintenance None – – – – – 0.007 0.100
Social  Foal presence 1.936 0.053 0.183 −0.002 0.369 <0.001 <0.001
2010
Feeding Treatment −2.064 0.039 −4.685 −9.136 −0.234 0.716 0.188
Resting Treatment 2.239 0.020 4.826 0.762 8.890 0.490 0.125
Foal  presence −2.420 0.016 −4.425 −8.010 −0.840
Locomotion Treatment −3.511 <0.001 −1.319 −2.056 −0.582 0.002 <0.001
Age  2.059 0.040 0.117 0.005 0.229
Foal presence 4.304 <0.001 1.522 0.829 2.217
Maintenance Treatment 2.655 0.008 1.266 0.330 2.200 0.006 <0.001
Band size 2.449 0.014 0.136 0.027 0.245
4 Band ﬁdelity 3.617 <0.001 1.57
Social None – – – 
(n = 331) during 2009 and 51% of the time (n = 650)
during 2010. Herding by stallions was the most fre-
quently observed social behavior. Band size inﬂuenced
this behavior in 2009, with herding increasing 0.16 ± 0.56
times per hour (tph) per additional horse in the band
(Table 3). In 2010, however, age of the stallion was
the only important ﬁxed effect on this behavior and
herding increased 0.18 ± 0.038 tph per year of age. At
median stallion age, median female age, and median
band size, pre-treatment females received herding behav-
ior 2.24 ± 0.743 tph and pre-control females received
this behavior 1.98 ± 0.694 tph (t274 = −0.892, P = 0.373);
likewise, treated females received herding behavior
1.06 ± 0.415 tph and control females received this behav-
ior 0.99 ± 0.454 tph (t602 = −0.271, P = 0.787). Time of day
was not an important inﬂuence on herding in either year
and variance of this random effect was similar in both years
(Table 3).
Harem-tending occurred less frequently than herding
in 2009, but at a similar rate as herding in 2010. The
supported ﬁxed-effects in models of harem-tending were
band size in 2009 and age of stallion in 2010 (Table 3). As
band size increased per horse, harem-tending decreased
0.05 ± 0.020 tph in 2009, and as stallion age increased per
Table 3
Supported effects in a mixed-effects linear regression of feral horse (Equus caballu
the  random effects of time of day (j) and individual horse identity (k) are shown a
Behavior Supported effect t P Difference 
2009
Herding Band size 2.871 0.004 0.159 
Harem-tending Band size −2.731 0.007 0.054 
Reproduction Female age −2.094 0.037 0.051 
Agonism Stallion age 1.990 0.048 0.038 
2010
Herding Stallion age 4.906 <0.001 0.184 
Harem-tending Stallion age −4.234 <0.001 0.110 
Reproduction None – – – 
Agonism Stallion age 2.436 0.015 0.042 
Band  ﬁdelity 2.411 0.016 0.201 0.721 2.430
– – 0.002 0.013
year, harem-tending decreased 0.11 ± 0.026 tph in 2010.
As with herding behavior, time of day did not inﬂuence
harem-tending occurrence in either year and there was
little individual variance in 2009.
Contrary to our prediction that reproductive behaviors
would be reduced in GnRH-treated mares compared to
controls, we  observed almost exactly the same frequency
in both years and between treatment groups. At median
stallion age, median female age, and median band size
pre-treatment females received reproductive behav-
iors 0.57 ± 0.374 tph and pre-control females received
reproductive behaviors 0.40 ± 0.349 tph (t274 = −1.054,
P = 0.293); likewise, treatment females received reproduc-
tive behaviors 0.59 ± 0.270 tph and control females
received reproductive behaviors 0.56 ± 0.297 tph
(t602 = −0.177, P = 0.860). The only supported ﬁxed-effect
in either year was  female age in 2009, which estimated
a 0.05 ± 0.024 tph decrease in reproductive behavior per
year of age.
Agonism occurred at similar rates as reproductive
behaviors in both years and was inﬂuenced by stallion
age in both years (Table 3). Agonism from males toward
females increased 0.03 ± 0.019 tph per year of male age in
2009 and 0.04 ± 0.017 tph per year of male age in 2010. At
s) social behavior at Theodore Roosevelt National Park, USA. Variance for
s 2
j
and 2
k
.
95% lower
conﬁdence limit
95% upper
conﬁdence limit
2
j
2
k
0.050 0.267 0.072 <0.001
−0.093 −0.015 <0.001 <0.001
−0.099 −0.003 <0.001 0.073
0.000 0.076 <0.001 <0.001
0.110 0.258 0.047 0.153
−0.162 −0.059 0.007 0.163
– – <0.001 0.096
0.008 0.076 0.026 <0.001
0.037 0.365
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edian stallion age, median female age, and median band
ize pre-treatment females received agonistic behaviors
.26 ± 0.251 tph and pre-control female received ago-
istic behaviors 0.44 ± 0.234 tph (t274 = 1.744, P = 0.082);
ikewise, treatment females received agonistic behaviors
.19 ± 0.184 tph and control females received agonistic
ehaviors 0.36 ± 0.203 tph (t602 = 1.627, P = 0.104). Band
delity also inﬂuenced the 2010 estimate and agonism
ncreased with number of band changes (Table 3). Nei-
her time of day nor individual variance inﬂuenced agonism
ccurrence in either year.
.3. Population reduction
Horses allocated time differently by sex and by year
Table 4). Males fed less, rested more, moved more and
ngaged in social interactions more often than females,
ut all horses fed less, rested more, moved more, and
erformed less maintenance behavior and engaged in
ore social behavior in 2010 as compared to 2009
Fig. 2). Normalized Difference Vegetation Index was
ighly correlated between years (R2 = 0.90). The ﬁner
cale all-occurrence behavioral data revealed that herd-
ng by stallions decreased 50.71% from 2009 to 2010,
nd appeared to increase in frequency concurrent with
he seasonal green-up period (and concurrent reproduc-
ive season) (Fig. 3A). Harem-tending behavior increased
95.0% from 2009 to 2010, when both were estimated at
edian stallion age, median female age, median band size,
nd mean NDVI. Harem-tending also occurred in concert
ith forage production, but this relationship was  more
ronounced in 2010, when the frequency of occurrence
as markedly escalated (Fig. 3B). Time of day and individ-
al identity contributed little to variance in these models
Table 4).
. Discussion
There were no differences in any behaviors between
reatment groups before GnRH vaccination and culling.
emales vaccinated against GnRH managed their time dif-
erently than controls. They fed less, rested more, traveled
ess, and performed more maintenance behaviors than
heir control counterparts, but engaged in the same amount
f social behavior. The estimates across years, however,
ndicated that pronounced behavioral changes occurred in
ow stallions engaged with females in social behaviors.
tallions herded all females less and harem-tended more
ollowing the changes in population density, demography,
nd social perturbation that resulted from culling. The date
f observation in relation to forage availability explained
ome differences between years, while the increased mean
ge of stallions as well as the decreased band size in 2010
lso explained some of the differences. None of the mod-
ls indicated that herding or harem-tending varied due to
he treatment status of females, but rather implied that
he paradigm shift in competition inﬂuenced how band
tallions managed their family groups. Because the same
tallions were observed in both years, the effect of age
otentially reﬂected the additional year of experience each
ale possessed, in the context of competition pressure.iour Science 157 (2014) 81–92 87
The similarity in female social behavior between treat-
ment groups likely related to estrous behavior, a catalyst
of other social behavior. Estrous behavior is inﬂuenced by
the concentration and timing of progesterone and estra-
diol, the steroid hormones that ﬂuctuate with occurrence
of pregnancy (Katz, 2007). During pregnancy, high concen-
trations of progesterone usually inhibit estrous behavior
(Crowell-Davis, 2007; Fabre-Nys and Gelez, 2007). The
GnRH-antibodies stimulated by GnRH vaccination should
have interrupted the hormonal cascade in females and
ultimately suppressed pulsatile luteinizing hormone (LH)
secretion, and thus ovulation (Powers et al., 2011). Con-
sequently, we might expect that similar social behavioral
expressions (albeit for different reasons) between pregnant
females and GnRH-treated females would be observed.
However, a similar study in elk concluded that GnRH was
not completely suppressed in vaccinated females and thus
some LH stimulation occurred and likely allowed limited
production of estradiol (Powers et al., 2011). This permitted
reproductive behaviors, at a reduced level, in GnRH-treated
individuals. It should also be noted that estrous behav-
ior has been observed with low frequency among both
pregnant female and anovulatory female horses (Asa et al.,
1983; Crowell-Davis, 2007). This is thought to be a bond-
ing mechanism that assists in the maintenance of stable
social groups of horses year-round, rather than ephemeral
reproductive groups, such as those observed in elk. Also,
the complex social behaviors among feral horses do not
entirely center on reproductive receptivity, and other
behaviors associated with dominance hierarchies, lead-
ership, and gregarious lifestyles may  or may not be as
directly inﬂuenced by ﬂuctuations in progesterone and
estradiol.
Regardless of the similarity in social behaviors between
treatment groups, treated females still allocated their time
budgets differently than controls in 2010. Most GnRH-
vaccinated females in the ﬁnal dataset were likely not
pregnant in 2010 because we categorically omitted the
treated females that demonstrated unsuccessful response
to vaccination by producing offspring in 2011. Pregnancy
inﬂuences time spent feeding and resting simply due to
the metabolic needs of barren females as compared to
pregnant females (National Research Council, 2007). The
composite nature of time budget behaviors requires that
if any one behavior changes, then other behaviors such
as locomotion or maintenance must also change; thus,
the small differences between treatment groups were
unsurprising.
The estimates of time spent per behavior for all horses
in our study fell well within the ranges previously reported
for daylight time budgets of horses (Mayes and Duncan,
1986; Boyd, 1998; Berger et al., 1999; Ransom et al., 2010).
Ultimately, body condition scores of control and treated
females were at parity in 2010. This may  indicate that the
metabolic demands of pregnant and non-pregnant females
were compensated for behaviorally, that the body condi-
tion scoring system was  not sensitive enough to detect
ﬁner-scale differences, or that forage abundance was high
enough to obfuscate the effects of behavior on body condi-
tion. Foal presence inﬂuenced resting in both years with
independent females resting less than females with a
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Table 4
Between year differences in time budget and social behaviors of feral horses (Equus caballus) Theodore Roosevelt National Park, USA, as estimated by
mixed-effects linear regression. Variance for the random effects of time of day (j) and individual horse identity (k) are shown as 2
j
and 2
k
.
Behavior Supported effect t P Difference 95% lower
conﬁdence limit
95% upper
conﬁdence limit
2
j
2
k
Time budget
Feeding Year 2.141 0.032 2.141 1.838 4.178 0.743 0.098
Sex  5.413 <0.001 6.725 4.289 9.160
Band size 3.699 <0.001 0.497 0.234 0.761
Age  −3.040 0.002 −0.477 −0.784 −0.169
NDVI −22.407 <0.001 −115.698 −125.820 −105.576
Resting Age 2.844 0.004 0.445 0.138 0.752 0.515 0.104
NDVI 19.903 <0.001 100.605 90.695 110.514
Locomotion Year −5.726 <0.001 −1.280 −1.719 −0.842 0.001 <0.001
Sex  −4.014 <0.001 −0.917 −1.366 −0.469
Band size −3.720 <0.001 −0.098 −0.150 −0.046
NDVI −5.433 <0.001 −6.307 −8.582 −4.031
Maintenance Year 5.122 <0.001 1.754 1.083 2.425 0.014 0.014
Sex  −2.957 0.003 −1.279 −2.127 −0.431
NDVI 15.987 <0.001 27.654 24.263 31.045
Social Year −3.862 <0.001 −0.714 −1.077 −0.352 0.001 0.014
Sex  −3.095 0.002 −0.991 −1.618 −0.363
Band size 2.013 0.044 0.057 0.002 0.113
NDVI 6.798 <0.001 0.062 0.044 0.079
All  occurrence
Herding Year 7.581 <0.001 1.148 0.851 1.445 <0.001 0.063
Stallion age 5.226 <0.001 0.026 0.088 0.193
Harem-tending Year −9.483 <0.001 −0.838 −1.012 −0.665 0.004 0.970
Stallion age −4.578 <0.001 −0.078 −0.111 −0.044
Band size −4.793 <0.001 −0.057 −0.080 −0.033
NDVI 4.918 <0.001 2.385 1.433 3.336
Reproduction Band size −2.242 0.025 −0.025 −0.047 −0.003 <0.001 0.044
1.019 
0.035 
1.032 NDVI 2.095 0.037 
Agonism Stallion age 2.938 0.003 
NDVI −2.736 0.006 −
dependent foal. Band size was also an important effect on
some behaviors; most notably, herding and harem-tending
behavior in 2009 were signiﬁcantly related to band size,
but this was not the case in 2010. This effect on social
behaviors was replaced with stallion age in 2010. These
contradictions may  be in part due to the change in popula-
tion size that occurred between years or due to changes in
Fig. 2. Comparison of mean ± SE daylight time budget behaviors of feral horses (E
at  Theodore Roosevelt National Park, USA. Estimates are shown at median age, me
and  arose from mixed-effects linear regressions considering individual identity a0.065 1.973
0.012 0.058 0.009 0.008
−1.772 −0.292
band composition. Even though band size did not change
notably between years, some young animals were removed
from bands.Density of bachelor males in the population was likely
inﬂuential in the large changes in herding and harem-
tending behaviors observed between years: the number
of bands and band size did not differ greatly between
quus caballus) before (2009) and after (2010) culling and GnRH treatment
dian band size, and mean Normalized Difference Vegetation Index (NDVI)
nd time of day as random effects.
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Fig. 3. Temporal occurrence and rate of feral horse (Equus caballus) herding (A) and harem-tending (B) behaviors in relation to seasonal trend in forage
availability using Normalized Difference Vegetation Index (NDVI) as an index of greenness. NDVI for the pre-treatment year of 2009 is shown as a solid
l ar of 20
t servatio
y
l
o
o
e
l
a
pine  with behaviors as solid triangles and NDVI for the post-treatment ye
he  NDVI trend lines designate the beginning and end of each behavior ob
ears, but the number of available males in the popu-
ation decreased 41% between years and the mean age
f males in the population increased by nearly 3 years
r 36%. This combination of effects presents compelling
vidence that quickly and non-randomly reducing popu-
ation density has behavioral implications for individuals
nd how bands function in the social dynamics of the
opulation.10 is shown as a dashed line with behaviors as hollow circles. Boxes on
n season.
Herding and harem-tending behavior are important
behaviors used by band stallions to maintain bands, but
also represent an energetic cost for both the male and
female(s) involved. Such costs may  have biological mean-
ing in terms of body condition and ﬁdelity of females
to the band (Ransom et al., 2010). The decline in herd-
ing behavior detected between years is not surprising
given the decreased presence of competing males in the
al Behav90 J.I. Ransom et al. / Applied Anim
population, which is often what prompts a stallion
to actively herd females together (Waring, 2003). This
decrease in potential energetic expense lends support for
the practice of culling because while it decreases grazing
impact by removing animals, it also leads to the remaining
animals expending less energy (that would have to be
replaced by grazing) by decreasing frequency of behav-
iors that arise from competition. Consequently, 2.2% less
feeding behavior was estimated for stallions in 2010 as
compared to 2009 in our study. This is supported by the
observed increase in harem-tending behaviors in our study,
most of which are likely driven by instinctual behavioral
mechanisms more than active presence of a competitor.
Such behaviors include stallions marking urine deposits of
band members and constructing fecal middens that relate
to reproductive status, communication, and band identiﬁ-
cation (Feist and McCullough, 1976; Rubenstein and Hack,
1992).
Little has been studied on the effects of culling in feral
horse populations, and what has been presented in the lit-
erature focuses on stress and its effects on reproduction
(Hansen and Mosley, 2000; Ashley and Holcombe, 2001). A
short term study did collect data on percent of time horses
spent feeding, resting, vigilant, traveling, and engaged in
agonistic encounters and found no difference between con-
trol (horses not gathered or pursued) and simulated (horses
that were pursued but evaded capture) groups (Hansen and
Mosley, 2000). That study did not investigate the broader
effects relating to density and sex ratio changes. We  could
ﬁnd no other studies that investigated behavior before and
after population removals of feral horses. There are some
comparable studies of feral horse behavior in relation to
immunocontraception however.
Porcine zona pellucida is the most extensively inves-
tigated immunocontraceptive for feral horses, and recent
studies have found PZP-treated females exhibit more fre-
quent reproductive behaviors and seasonally prolonged
reproductive behaviors than their control counterparts. In
a comparable study of three feral horse populations, 54.5%
more reproductive behaviors were received by PZP-treated
females than by control animals during the breeding sea-
son (Ransom et al., 2010). Likewise, in another feral horse
population, more frequent reproductive behaviors among
PZP-treated females were observed in the non-breeding
season (Nun˜ez et al., 2010). Elevated rates of estrus have
been reported in PZP-treated females of other species as
compared to control females, which likely explains this
increase in observed reproductive behavior (Mahi-Brown
et al., 1985; Shumake and Wilhelm, 1995; Heilmann et al.,
1998; Curtis et al., 2002). Seasonality of estrus in horses
may not be as constrained by abiotic factors as previously
thought, so it is possible that any contraceptive that does
not completely suppress estrus could be associated with
seasonally atypical expressions of reproductive behavior
(Ransom et al., 2013). Decreased band ﬁdelity has also been
reported among PZP-treated female horses (Nun˜ez et al.,
2009; Madosky et al., 2010), and in our GnRH study the
per capita female interchange rate decreased 25.7% from
2009 to 2010. Given that some social reorganization was
expected following the culling perturbation, the observed
decrease in interchange provides additional evidenceiour Science 157 (2014) 81–92
that GnRH-vaccinated females were not expressing the
frequent reproductive behavior that appears to be coinci-
dent with decreased band ﬁdelity.
Studies of the effects of GnRH immunocontracep-
tive vaccines on behavior of female horses are limited;
nevertheless, a few small studies do illustrate some gen-
eral patterns in responsiveness. In the only other feral
horse study reported in the literature, no differences
were observed between treatment groups in time spent
feeding, resting, or traveling in either the breeding or non-
breeding season (Gray et al., 2010). Of the 25 copulations
observed in that study, only one was  a GnRH-vaccinated
female and it occurred during the non-breeding season.
Both treated and control females demonstrated reproduc-
tive behavior roughly once every 2 h in our study. Our
results concur with observations of reproductive behav-
iors in controlled experiments where captive mares were
treated with GnRH vaccine. In those studies, treated
mares showed suppressed ovarian activity and ovula-
tion after immunization but continued to show evidence
of estrous behavior at irregular intervals and duration
(Dalin et al., 2002; Imboden et al., 2006). Similar behav-
ioral responses to contraception induced by GnRH vaccine
and GnRH agonist have been reported in other ungu-
late species as well (Baker et al., 2002, 2004; Conner
et al., 2007; Powers et al., 2011). The parity we observed
between treatment groups therefore simply reﬂects the
limited reproductive behavior among control females due
to high rates of pregnancy and suppressed reproductive
behavior among treated females due to GnRH-inhibited
ovarian activity. Since GnRH is highly conserved across
mammalian species, fertility control technology founded
on this hormone may suppress reproduction but does
not always prevent the occurrence of sexual behav-
iors.
Our study was limited to only a pre-treatment and
treatment year, and as such inferences should only be
extended to the individual level in the short term. Both
pregnancy and birth rates between treatment groups in
our study were the same, but variation in birth interval
among individuals can make longer term trends less certain
in terms of births, dependent foals, physiology, and asso-
ciated behaviors. While some studies have demonstrated
females may  be less likely to foal in consecutive years, as
opposed to alternate years, others have found no differ-
ences (Roelle et al., 2010). Probability of foaling can also
be strongly related to band size (Roelle et al., 2010), which
was  equitable between years in our study but may  trend
downward with effective fertility control over long time
periods. For these reasons, the short duration of our study
provides some relatively clear inference toward short-term
effects of GnRH and culling on individual behaviors; how-
ever, long term effects of fertility control on behavior may
manifest to all individuals as a population paradigm shifts
to lower fecundity, and variable and unknown effects on
social structure and dynamics emerge.5. Conclusion
Our study found only minimal differences in behav-
ior of free-ranging female feral horses treated with GnRH
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nd those treated with saline. Those differences could
e physiologically explained and body condition between
he two treatment groups was at parity. Following the
ame methodological protocols as a similar study of PZP-
reatment on behavior of feral horses (Ransom et al.,
010), GnRH appears to lead to fewer behavioral modiﬁ-
ations than PZP in this species in the short term. Long
erm inﬂuences of GnRH remain uncertain. The ultimate
ssessment of any fertility control agent must include the
cope and magnitude of all potential contraindications,
accine efﬁcacy, and weighing the known effects against
he beneﬁt of reducing population growth. The differences
n how band stallions socially interacted with all females
etween years provided strong evidence related to the
ffects of culling. These behavioral responses shed light on
he effects of reducing competition and density in a social
olygynous species with strong group ﬁdelity. Such pertur-
ation may  be synergistic in reducing grazing pressure by
ecreasing energetically expensive competitive behaviors,
ut further investigation is needed to explicitly test this
ypothesis.
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